Limits on life Physical constraints, time limitations, and competition among organisms make it difficult for organisms to maximize all aspects of their survival and reproductive success-which together determine their fitness-at once. For example, although increased foraging improves the resources available for reproduction, foraging behavior might lead to greater mortality. Furthermore, rather than investing in the current reproductive event, saving available energy for growth or somatic maintenance may increase reproductive output later in life. These types of tradeoffs form the basis for life-history theory, the theoretical framework that attempts to explain the ultimate causes of variation in reproductive output, age at maturity, life span, and so forth (Roff 1992, Roff and Fairbairn 2007) . Without trade-offs, natural selection would tend toward the production of a Darwinian demon, an organism that reproduced at birth and sustained reproduction throughout life with minimal aging (Law 1979) .
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Life-history theory has been hugely successful in explaining variation among species. But at finer scales, with respect to variation within or between populations, for example, models based on energy and time limitations have rather low explanatory power (Barnes and Partridge 2003, Roff and Fairbairn 2007) . Furthermore, the life-history framework is often difficult to reconcile with empirical observations of functional linkages between traits that are separated in time and therefore would not be expected to compete for the same set of resources. For example, there is increasing evidence that fetal undernutrition imposes costs in terms of disease risk that L ife histories describe how organisms grow, mature, reproduce, and age. Understanding variation in life histories among individuals, populations, and species is a major focus of biology and one that transcends the barriers within our discipline. But true integration between ultimate and proximate approaches has been slow. This is partly a result of a lack of biological realism in evolutionary models, and partly because of a lack of data on the mechanistic basis of trade-offs underlying life-history variation (Roff 1992, Roff and Fairbairn 2007) . Development of models and data now suggests that there is scope to develop an integrative biology in which molecular biology and physiology can directly inform evolutionary biology and vice versa (Monaghan et al. 2009 , Nijhout et al. 2010 . Here, we outline the background of this recent development and critically assess the claims and their implications for future research on life-history variation, exemplified by studies focusing on oxidative stress. We conclude that development of an integrative biology of life histories is still hampered by (a) poor understanding of the physiological mechanisms mediating life-history traits (particularly in species whose fitness can be assessed under natural settings), (b) an unreflective use of heuristically attractive but potentially misleading concepts, (c) a bias toward snapshot studies focusing on single estimates of costs at single points in time, and (d) poor knowledge of variation in dietary components involved in the physiological regulation of life-history traits in natural populations. We end by providing some suggestions as to how these problems can be overcome in studies that explicitly address the role of oxidative stress in life-history biology. Articles are not paid until adulthood (Gluckman and Hanson 2006) . Recently, researchers in ecology and evolutionary biology have therefore suggested that answering proximate questions about the genetic, epigenetic, and physiological mechanisms that cause functional linkage between phenotypic traits is necessary to explain patterns of life-history variation in natural populations (Zera and Harshman 2001 , Lessells 2008 , Nijhout et al. 2010 .
The argument that proximate mechanisms are necessary to answer ultimate questions rests upon two insights. First, because novel phenotypes arise from the modification of existing phenotypes, functional solutions to fundamental trade-offs need not be optimal; they can themselves impose costs or constraints that cannot easily be broken by natural selection (Leroi 2001 , Brakefield 2006 , Maklakov et al. 2008 . Thus, an extreme adaptationist perspective-one that assumes that all negatively linked traits, such as growth and reproduction, are the result of fundamental trade-offs imposed by external factors such as time and energy availability-will fail to capture the full variation in life histories. Second, life-history models generally assume that there is a single common currency, such as time or energy, that needs to be allocated toward different functions. However, tradeoffs and constraints may arise from specific, rather than general, elements (Boggs 2009 , Grandison et al. 2009 ), suggesting that natural variation in micro-and macronutrients may explain a substantial part of variation in, for example, fecundity and growth. Here we discuss the rationale and support for these ideas and their implications for life-history variation, exemplified by the rapidly growing literature on the causes and consequences of oxidative stress (Dowling and Simmons 2009 , Monaghan et al. 2009 , Metcalf and Alonso-Alvarez 2010 .
Oxidative stress and life histories Perhaps the most popularly invoked trade-off that may arise as a result of evolutionary contingency, shared among all aerobic organisms, is the link between energy (adenosine triphosphate [ATP] ) production and the production of reactive oxygen species (ROS). Early in the history of life, organisms evolved mechanisms of metabolism that use oxygen as an electron acceptor during ATP production (e.g., Halliwell and Gutteridge 2002, Monaghan et al. 2009 ). However, metabolism of oxygen causes leakage of ROS that can interfere with and damage biomolecules, including DNA and proteins, a process that forms the backbone of the "free radical theory of aging" and is responsible for the development of many diseases (figure 1; Harman 1956, Halliwell and Gutteridge 2002) . Thus, the functional solution to aerobic life (metabolism) may impose high costs (energetic or otherwise) on the organism (dealing with high levels of ROS that need to be detoxified). The detoxification machinery consists of endogenous and dietary nonenzymatic antioxidants (e.g., glutathione [GSH] , uric acid, ascorbic acid, and -tocopherol), enzymatic antioxidants (e.g., catalase, superoxide dismutase, and glutathione peroxidase), and repair mechanisms (e.g., DNA glycosylase, DNA polymerase, and DNA ligase). If detoxification of ROS fails, then the greater accumulation of cellular and tissue damage will be unavoidable (figure 1; Halliwell and Gutteridge 2002) . Oxidative stress is a particularly appealing cost of life because ROS production is a universal consequence of cellular respiration (i.e., metabolism), but ROS production also increases during catabolism, immune challenges, and periods of environmental stress (figure 1). Activities that increase metabolic demands, such as reproduction, should therefore lead to greater ROS production, and thereby impose a higher cost of synthesis, transport, or ingestion of antioxidants and require the use or maintenance of repair mechanisms to avoid accumulation of oxidative damages. Thus, trade-offs involving reproduction may be paid for not only in terms of reduced energy available for other functions but also the mechanisms involved may directly impose an additional cost in terms of dealing with ROS.
Oxidative stress as a fundamental component of lifehistory trade-offs has recently garnered substantial interest (reviewed in Costantini 2008; see Dowling and Simmons 2009, Monaghan et al. 2009 ), probably for several reasons. First, oxidative stress is potentially a universal and substantial cost of life that can be quantified in energetic terms to address, for example, the cost of reproduction and its link to senescence (Speakman 2008) . Second, it provides an attractive link between life-history variation within and among natural populations and variation in internal and external factors that cannot be fully captured by gross measures of energy (Cohen et al. 2009 ). Thus, oxidative stress has the potential to yield insights regarding how the complex and often highly specific regulation of physiological processes revealed by laboratory research affects ecologically important traits in natural populations, such as reproductive output.
Why does oxidative stress matter for life-history biology?
The current enthusiasm over the importance of oxidative stress for life-history evolution may give the impression that a relationship between classic life-history traits, such as reproductive investment, ROS production, oxidative stress, and the energetic costs of defense mechanisms, rests on solid concepts and is well supported empirically. However, three lines of evidence question whether an exclusive focus on the cost of oxidative stress will be able to capture the complexity of linking proximate mechanisms and evolutionary function.
First, not only may ROS influence trade-offs through oxidative stress but they are also important for the intra-and extracellular signaling that mediates organismal responses to internal and external stressors. For example, (a) ROS regulate activation of MAP kinases (mitogen-activated protein kinases), a large family of enzymes that are involved in cell proliferation, differentiation, and stress responses; and (b) NF-B (nuclear factor kappa-light-chain-enhancer of activated B cells), a group of proteins that binds to DNA and increases the expression of cytokines, acute phase proteins, Articles and growth factors during infection or periods of environmental stress (figure 1). Consequently, the regulation of growth and immunity-key components of life-history biology-can be influenced by variation in ROS levels in the absence of, or in addition to, the balance between ROS and antioxidants (see, e.g., Sheldon and Verhulst 1996 , SchmidHempel and Ebert 2003 , and Hau 2007 for discussions about immunity and life history). Although this potentially widens the applicability of ROS as mediators of trade-offs (e.g., if infection triggers increased ROS production as part of up-regulation of the immune system; Knight 2000), it also calls into question the extent to which general measures of ROS, antioxidants, and other proxies of oxidative stress capture the underlying costs imposed on the organism by external and internal stressors.
Second, although there is no doubt that redox reactions and signaling occur during female reproduction (e.g., Myatt and Cui 2004, Agarwal et al. 2005) , it is less clear whether greater reproductive effort imposes a direct cost in terms of risk of accumulating oxidative damage. For example, although enhanced reproductive investment through lactation or postnatal provisioning increases the basal metabolic rate (Speakman 2008) , there is little evidence that greater allocation to reproduction (or other life-history traits) actually increases the leakage of ROS from the mitochondrial electron transport chain, or that this has concomitant effects in terms of oxidative damage (Speakman 2008) . For example, female lizards with larger reproductive investment actually had lower cellular levels of ROS than females with relatively smaller investment (Olsson et al. 2009 ). The mechanisms are unknown, but this could be the result of activation of mitochondrial uncoupling proteins that prevent further leakage of ROS from the mitochondria, or high circulating levels of the antioxidant yolk proteins or estrogens in females that invest heavily in reproduction (Echtay et al. 2002 , Olsson et al. 2009 ). Another study, on captive female zebra finches (Taeniopygia guttata), revealed a significant decrease of enzymatic antioxidant defenses (scaled for oxygen consumption) when reproduction was experimentally increased (Wiersma et al. 2004 ). However, although susceptibility to oxidative stress (measured There is a battery of defense mechanisms to combat RS, and thereby oxidative damage: the antioxidant (AOX) system, including for example dietary -tocopherol and -carotene, and endogenously synthesized AOX such as glutathione, bilirubin, superoxide dismutase, and catalase. These AOX can combat RS, for example, by being a catalytic agent, reducing RS formation, quenching RS, scavenging RS, or protecting biomolecules. However, AOX can also be pro-oxidants if in high concentrations or if the cellular environment is highly oxidized. Generally, AOX are highly specific, and it is important to know which oxidant is of interest to be able to find the predicted response in the AOX defense. Reactive species not only cause oxidative stress but they also have important functions during intra-and extracellular signaling. Thus, oxidative stress is only one of the potential consequences of increased RS, but accumulation of oxidative damage tends to have negative consequences on organismal performance, which explains why it has been singled out as an important cost of life. Abbreviations: Akt, protein kinase B; ERK, extracellular signal related kinase; JNK, c-Jun N-terminal kinase; MAP kinases, mitogen-activated protein kinases; NF-B, nuclear factor kappalight-chain-enhancer of activated B cells .
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as time needed to hemolyze 50% of the erythrocytes), which accounts for both antioxidants and accumulated damages, differed between nonbreeding and breeding individuals, there was no significant difference between high and low reproductive investment (Alonso-Alvarez et al. 2004) . Therefore, it is unclear whether ROS production actually increases with reproductive investment and, if it does, whether it requires costly up-regulation of antioxidant defenses.
Third, in addition to the proposed additional cost of high levels of ROS, oxidative stress may contribute to linkages among traits that are separated in time and that are therefore unlikely to be subjected to direct trade-offs between competing functions. Internal (e.g., oxidative metabolism, respiratory burst, and purine catabolism) and external (e.g., pollutants, diet, and temperature) factors experienced during pre-and postnatal development can increase oxidative stress (Mittler 2002, Limón-Pacheco and Gonsebatt 2009) . Greater oxidative stress can cause damage to DNA and to the epigenetic mechanisms that regulate gene and cell functiondamage that can be inherited vertically between cells during development and throughout life (Vijg 2007 , Gluckman et al. 2008 . Thus, evidence for a developmental origin of health and disease could be partly the result of greater exposure to oxidants or reduced availability of antioxidants early in life (Viña et al. 2007 , Wells et al. 2009 ). This result has attracted substantial interest in the medical sciences, but it is also relevant for physiological studies more generally and, therefore, for understanding variation in and evolution of life histories in natural populations. Indeed, recent studies of wild populations of birds and mammals have demonstrated the long-term effects of natal environments on survival and reproductive function later in life; effects that can be transmitted across generations (Nussey et al. 2007 , Bouwhuis et al. 2010 . Although this presents an attractive hypothesis that warrants further investigation, the mechanisms behind the patterns in natural populations are currently unknown. Specifically, this aspect of how oxidative stress may influence life-history trajectories will not be detected by studies focused solely on the balance between oxidants and antioxidants in adults; testing this idea requires explicit measures of how developmental conditions may contribute to oxidative damage directly (e.g., through DNA damage) or indirectly (e.g., by influencing physiological systems' ability to cope with oxidative stress later in life).
In summary, whether cellular respiration imposes a cost of life that needs to be added to energy-or time-based life-history trade-offs remains an interesting but unproven hypothesis. More problematic, as evident from the multiple roles and targets of ROS (such as gene regulators and signal transduction agents), direct tests of the importance of ROS and oxidative stress as a cost of life will require attention to not just a few but several of the effects of increased ROS production, antioxidants, oxidative stress, oxidative damage, and organismal performance (figure 1). This is not a unique problem for the study of oxidative stress; the same ambiguous state of affairs regarding the costs and constraints imposed by physiological systems applies also to, for example, the endocrine system (Hau 2007 , Lessells 2008 . Furthermore, genetic knockouts that enhance longevity while sustaining or increasing fecundity in worms (Caenorhabditis elegans; see Barnes and Partridge 2003) and fruit flies (Drosophila melanogaster; Li and Tower 2009) could be interpreted as though developmental pathways impose costs and constraints on life-history trajectories beyond resource allocation trade-offs (Leroi 2001 ). This interpretation is debatable, however, and evidence for increased fitness of mutants in natural settings-a critical component of any claim against resource-based tradeoffs-is lacking (Barnes and Partridge 2003, Partridge 2009 ). Therefore, although some studies suggest that physiological systems might impose costs and constraints that need to be accounted for in life-history biology, a poor understanding of the regulatory mechanisms of trade-offs and estimates of fitness in natural settings currently prevents inference of the evolutionary consequences of these results.
Linking external and internal constraints
Life-history theory generally assumes that the limiting resource of a single currency-commonly energy-needs to be divided into different functions such as growth, reproduction, or, as in the example above, combating ROS (e.g., Harshman 2001, Monaghan et al. 2009 ). However, this need not be the case; the resources required for reproduction may be qualitatively different from the resources needed for growth or somatic maintenance, which can relax the pressure of trade-offs. For example, during food shortages, water fleas (Daphnia magna) are able to maintain growth and reproduction by allocating relatively more cholesterol to somatic growth and more polyunsaturated fatty acids to reproduction (Wacker and Martin-Creuzburg 2007) . On the other hand, no diet composition can maximize all traits simultaneously, and there will therefore be times when certain micro-and macronutrients prevail as a result of specific requirements or availability, which may come at a cost for other traits. For example, a high-protein diet enhances the immune defense of the insect Spodoptera littoralis, but decreases its larval performance (Cotter et al. 2010) .
The idea that organismal performance may be limited by specific elements rather than by energy or time is becoming increasingly popular (e.g., Archer et al. 2009 , Boggs 2009 , Grandison et al. 2009 ). It is also highly applicable to understanding how oxidative stress physiology may mediate life-history variation. First, if oxidative stress indeed is a fundamental cost of life, then combating increased exposure to ROS may not be limited primarily by energy but rather by the availability of antioxidants or their precursors. Second, different external and internal stressors activate different parts of the antioxidant system that may show varying degrees of energy dependence or that may not be limited by the same precursors. However, the influence of trace elements and macro-and micronutrients (e.g., cysteine, methionine, selenium, -tocopherol, and -carotene) on trade-offs in Articles natural populations is poorly understood. Here we provide a brief overview of the role of nonenergetic currencies in tradeoffs mediated by the oxidative stress phenomenon, as exemplified by the GSH system. In the next section we discuss its implications for life-history variation in natural populations.
Dietary antioxidants have received the most attention in evolutionary ecology because of their link to oxidative stress (Catoni et al. 2008 , Costantini and Møller 2008 , Isaksson and Andersson 2008 . Unfortunately, there is very little information on the availability of this class of nutrients and whether dietary antioxidants are limited in natural populations. Instead, plasma concentration has often been used as a proxy for the availability of dietary antioxidants (e.g., Catoni et al. 2008 , Cohen et al. 2009 ). However, although dietary antioxidants, such as certain carotenoids, flavonoids, and -tocopherol, have important biological functions, their role in decreasing oxidative stress has been debated, and evidence suggests that any function is context dependent (e.g., Costantini and Møller 2008, Isaksson and Andersson 2008) . In contrast to obligate dietary antioxidants, little attention has been devoted to the environmental dependence and links to life history of antioxidants that are endogenously synthesized specifically for protection against ROS. One good example of an endogenously synthesized antioxidant system that also requires specific nutrient precursors is GSH; perhaps the most important intracellular antioxidant, present in all cells and highly conserved across kingdoms. The rate of GSH synthesis depends on availability of the amino acid cysteine, which can be obtained directly from food or by metabolism of dietary methionine (Meister and Anderson 1983) . Synthesis may result in a direct resource allocation conflict between cellular GSH levels and synthesis of proteins containing cysteine (de Magalhães and Church 2006) . Impairment of GSH function is linked to an increased rate of aging and cellular apoptosis (Halliwell and Gutteridge 2002) . However, dietary deficiency of methionine actually makes rats more, not less, resistant to liver oxidative damage and extends their life span (Miller et al. 2005) . In D. melanogaster, adding essential amino acids to calorie-restricted individuals increased their fecundity but decreased their life span (Grandison et al. 2009 ). If only methionine was added, fecundity was increased but life span was not reduced, suggesting that amino acid composition can be of greater importance than reallocation of nutrients between traits (Grandison et al. 2009 ). It would be interesting to further explore whether this pathway is linked to GSH metabolism (figure 2). Moreover, GSH oxidation is dependent on the catalytic enzyme glutathione peroxidases (GPx), the presence of which depends on the essential micronutrient selenium (Kumar et al. 2009 ). Impairment of GPx function reduces the ability of the cell to detoxify ROS, specifically hydrogen peroxide and lipid hydroperoxides, which are the Articles main targets for the GSH redox system (Meister and Anderson 1983) . This example shows that a theoretical separation between dietary and nondietary antioxidants may be somewhat artificial, and that antioxidant capacity is generally expected to show environment dependence. However, the probability of oxidative damage depends not only on antioxidant activity but also on the dietary composition of, for example, peroxidizable unsaturated fatty acids. High intake of highly unsaturated fatty acids, such as -6 in relation to -3 fatty acids, increases cells' susceptibility to ROS. Indeed, cell membranes containing a high degree of polyunsaturation have been linked to reduced longevity and an increased metabolic rate across species (Hulbert 2008 ).
In conclusion, specific macro-and micronutrients may play important roles in oxidative stress and life-history biology in ways that are often overlooked by studies in natural populations. However, although it is clear that specific dietary elements may be important currencies for lifehistory trade-offs, disentangling the relative importance of specific versus general currencies will require information on nutrient availability in natural populations and animal physiology that is not yet available.
Consequences for the study of life-history variation If life histories are the result of selection on phenotypic variation that is partly, or even largely, limited by derived costs and Figure 3 . Resource allocation, oxidative stress, and life history. Under the assumption that energy and specific nutrients are traded off between (1) reproduction and (2) somatic maintenance (i.e., survival), the resources and probability to survive to the next breeding attempt decreases ( ) with increased resources allocation to reproduction ( ). Greater reproduction can increase reactive oxygen species (ROS) both as a consequence of higher energy use but also by, for example, signaling pathways and oocyte maturation (Halliwell and Gutteridge 2002, Agarwal et al. 2005 ). However, in some cases increased reproduction is not followed by higher ROS production, for example as a result of expression of uncoupling proteins (Echtay et al. 2002) . If so, the potential costs of such mechanisms need to be established. If ROS do increase, it is often, but not always, followed by an up-regulation of antioxidant (AOX) activity. This upregulation is ATP (adenosine triphosphate) dependent, but can also be limited by specific nutrients (see figure 2) . Dietary limitations result in acquisition costs, and if these costs are too high, the dietary components will limit AOX activity and the oxidative damages will consequently increase, with concurrent negative impacts on somatic maintenance. If damage does occur, the negative effect on survival can be reduced or prevented by repair mechanisms, which may impose further energetic costs or constraints due to limitation of specific nutrients. Note: The dotted line indicates that the arrow is going directly to specific nutrients, not through energy use.
Articles constraints and availability of specific elements (rather than fundamental energy-based trade-offs), this might have wideranging implications for understanding the evolution of diversity. For example, it suggests that models of life-history evolution would need to move away from very general optimality approaches and toward more mechanistic models that explicitly account for the specific nutrient requirements for the expression of phenotypic traits in critical time windows (Boggs 2009 ). Such approaches are rare, but may help explain why traditional models fail to predict context-dependent expression of phenotypes in natural populations. Indeed, mechanistic approaches to studies of body size and developmental time and size at maturity and polyphenisms in insects have shown that this can significantly improve our understanding of the evolution of life-history variation (Emlen and Allen 2004 , Davidowitz et al. 2005 , Nijhout et al. 2010 .
For the empirical biologist interested in the causes and consequences of life-history variation, the proximate challenge should affect the target of his or her studies and interpretations of the results. Consider the study of whether reproductive investment involves a cost in terms of oxidative stress that reduces survival, which therefore would need to be considered to understand patterns of variation in reproduction and aging in natural populations (figure 3; Monaghan et al. 2009 ). First, one would need to establish whether greater reproductive investment actually increases exposure to ROS in a negative respect. If not, the costs and constraints of the systems that down-regulate ROS despite increased metabolism (e.g., uncoupling proteins) will have to be identified. If reproductive investment does increase exposure to ROS, the physiological systems that are activated and the specific parts of the antioxidant system that detoxify the radicals need be identified in order to address whether they rely upon specific dietary requirements, and to estimate the cost of their upregulation. The latter will depend largely on the availability of specific elements in the wild and the capacity for storage, both of which may show dramatic variation across species and ecological contexts (e.g., Cohen et al. 2009 , Eeva et al. 2010 . Furthermore, exposure to oxidative stress early in life may have long-lasting consequences as a result of developmental "programming" that can change the expression or activity of proteins or alter gene transcription Hanson 2006, Wells et al. 2009 ). Intraspecific variation in responses to current conditions may therefore partly be explained by events that occurred during early development. Finally, the consequences of oxidative damage will depend on the repair mechanisms and their costs and efficiency, which may also be subject to individual variation as a result of past and present conditions. Putting all these pieces together in a single study system will be difficult, to say the least. However, the important insight is that current approaches that tend to measure a single aspect of the oxidative stress phenomenon, although interesting and useful, are unlikely to capture the costs and constraints that need to be quantified in order to understand the importance of ROS and oxidative stress for life-history variation in natural environments.
Conclusions
Greater interest in proximate mechanisms from evolutionary biologists may reflect a shift in focus to one that emphasizes the contingency of evolution and development over adaptation and optimality. The extent to which this shift will successfully enhance our understanding of life-history evolution remains to be seen. Conceptually, the literature is fraught with inconsistency in how biologists interpret and, most important, link fundamental trade-offs such as time and energy to physiological trade-offs such as ROS production or pleiotropic effects of hormones (Hau 2007 , Lessells 2008 . For example, invoking costs and constraints on the basis of simple heuristic physiological models that assume that ROS always carry a cost is inconsistent with empirical evidence and ignores more fundamental questions about evolutionary contingency and adaptation. Empirically, there is accumulating evidence that both universal and taxonspecific physiological mechanisms do influence life-history evolution (Salmon et al. 2001 , Emlen et al. 2004 , Grandison et al. 2009 ). However, as exemplified by studies of oxidative stress, the evidence is often weaker than acknowledged and rarely do results conclusively demonstrate the proposed links between mechanism and evolutionary significance, particularly for natural populations.
Some key challenges for integrative biology of life-history variation are to study the physiological basis of life-history variation in natural settings where fitness effects can be accurately assessed. Most important, we need to (a) establish the importance of micro-and macronutrients as limiting factors for expression of phenotypes under natural conditions; (b) determine the mechanistic basis for functional linkage between life-history stages; (c) address how these mechanisms are modulated and integrated in individuals in natural populations; (d) empirically address the fitness effects of such phenotypic integration across contexts; and (e) theoretically explore its consequences for life-history variation among individuals, populations, and species. Without a combination of studies disentangling the physiological mechanisms, and estimating the fitness consequences of variation in those mechanisms, merging proximate and ultimate levels of explanations will be impossible-and our understanding of phenotypic evolution and the demise of the Darwinian demon must remain incomplete.
